Protein folding in the cell is regulated by several quality-control mechanisms. Correct folding of glycoproteins in the endoplasmic reticulum (ER) is tightly monitored by the recognition of glycan signals by lectins in the ER-associated degradation (ERAD) pathway. In mammals, mannose trimming from N-glycans is crucial for disposal of misfolded glycoproteins. The mannosidases responsible for this process are ER mannosidase I and ER degradation-enhancing ␣-mannosidase-like proteins (EDEMs). However, the molecular mechanism of mannose removal by EDEMs remains unclear, partly owing to the difficulty of reconstituting mannosidase activity in vitro. Here, our analysis of EDEM3-mediated mannose-trimming activity on a misfolded glycoprotein revealed that ERp46, an ER-resident oxidoreductase, associates stably with EDEM3. This interaction, which depended on the redox activity of ERp46, involved formation of a disulfide bond between the cysteine residues of the ERp46 redox-active sites and the EDEM3 ␣-mannosidase domain. In a defined in vitro system consisting of recombinant proteins purified from HEK293 cells, the mannose-trimming activity of EDEM3 toward the model misfolded substrate, the glycoprotein T-cell receptor ␣ locus (TCR␣), was reconstituted only when ERp46 had established a covalent interaction with EDEM3. On the basis of these findings, we propose that disposal of misfolded glycoproteins through mannose trimming is tightly connected to redox-mediated regulation in the ER.
Protein folding in all parts of the cell is regulated by quality control mechanisms. For proteins that function in the extracellular oxidative environment, folding reactions take place in the endoplasmic reticulum (ER) 2 (1) (2) (3) . Concomitant with poly-peptide elongation and sequestration into the ER lumen, nearly 70% of proteins are modified with N-glycans. Trimming of sugar residues starts shortly after the transfer of N-glycans to the polypeptides and plays pivotal roles in both proper folding and degradation of glycoproteins that fail to obtain their native conformations (4 -6) . This mechanism is conserved among eukaryotes, and mannose trimming from N-glycans is crucial for the degradation of glycoproteins by ER-associated degradation (ERAD) (7) (8) (9) (10) .
Mannose is trimmed from N-glycans by ␣1,2-mannosidases (glycoside hydrolase family 47) in the ER. In the budding yeast Saccharomyces cerevisiae, the mechanism of creation of the glycan moiety critical for glycoprotein ERAD has been elucidated (11) . First, the mannose is trimmed from the middle branch (branch B) of the Man 9 GlcNAc 2 glycan (M9), forming Man 8 GlcNAc 2 isomer B (M8B) (Fig. S1 ). Next, the terminal mannose on branch C is removed from the M8B glycan, yielding Man 7 GlcNAc 2 isomer A (M7A), which serves as the glycan signal for degradation. Mns1p, a homologue of mammalian ER mannosidase I (ERManI), catalyzes the first step of creation of M8B, followed by trimming by Htm1p/Mnl1p, the homologue of mammalian EDEMs, to yield M7A. Sequential demannosylation is thought to ensure protein quality control by allowing enough time for nascent polypeptides to fold (12, 13) . The mannose-trimming process is generally well-conserved in eukaryotes, except that, in vertebrates, in addition to M7A, smaller N-glycans containing five or six mannoses (Man 5 GlcNAc 2 (M5) or Man 6 GlcNAc 2 (M6)) are also generated and recognized as degradation signals. The three ER degradation-enhancing ␣-mannosidase-like proteins (EDEMs), EDEM1, -2, and -3, all contain an ␣-mannosidase (glycoside hydrolase family 47) domain homologous to that of ERManI (14 -16) . In vertebrates, EDEM2 (17) or ERManI (18) trims mannose to generate M8B, followed by mannose removal by EDEM1, EDEM3, and ERManI, yielding the M7, M6, and M5 glycans (6, 19) . Demannosylated N-glycans that lack the terminal mannose of the C-branch are then recognized by lectins, such as OS-9 in mammals or Yos9p in yeast, and targeted for degradation by ERAD (20, 21) .
The mechanism and specificity of trimming have been extensively studied in yeast, in which Htm1p/Mnl1p removes mannose from the N-glycan. Htm1p/Mnl1p forms a complex with Pdi1p, a homologue of mammalian protein-disulfide isomerase (PDI), which is required for the mannose-trimming activity of Htm1p/Mnl1p. PDI is a member of the oxidoreductases, which introduce and isomerize disulfide bonds during oxidative protein folding (22) (23) (24) . The Htm1p-Pdi1p complex preferentially processes mannose from misfolded or nonnative glycoproteins but exhibits very low enzyme activity toward purified oligosaccharides (25) (26) (27) . By contrast, little is known about the mechanism by which vertebrate EDEM proteins process mannose from N-glycans.
Among the three mammalian EDEMs, EDEM3 has a mannose-trimming activity that is readily detected when the protein is expressed in cultured cells (16) . However, because the mannose-trimming activity of EDEM3 has not been successfully detected in vitro, it remains unclear how the reaction takes place in the ER by EDEM3.
In this study, we searched for proteins that interact with and regulate the mannosidase activity of EDEM3. We identified the oxidoreductase ERp46 (ER-resident protein 46) as a binding partner that accelerates the mannose-trimming activity of EDEM3 in vivo. By purifying recombinant proteins from HEK293 cells, we succeeded in analyzing the demannosylation activity of EDEM3 in vitro. We found that ERp46 triggers the mannose trimming of EDEM3 in vitro and that this effect requires a covalent interaction between the two proteins, most probably involving mixed disulfide bond formation. Our findings suggest that mammalian EDEM3 is the mannosidase that generates the glycan signal on glycoproteins that is crucial for ERAD and that interaction with ERp46 through its redox-active sites is required for this process.
Results

ERp46 associates with EDEM3 and promotes the mannosetrimming activity of EDEM3 in vivo
To identify proteins that regulate the mannose-trimming activity of EDEM3, we first searched for proteins that associate with EDEM3. For this purpose, we expressed FLAG-tagged EDEM3 in HEK293 cells, immunoprecipitated with anti-FLAG antibody, and then separated the co-immunoprecipitated proteins by SDS-PAGE, followed by silver staining (Fig. 1A) . A ϳ50-kDa protein that associated with EDEM3 ( Fig. 1A , arrowhead) was identified by MS analysis as ERp46, a member of the PDI family (22, 28) . Because this was reminiscent of the interaction between Htm1p/Mnl1p and Pdi1p (29, 30) , we investigated whether EDEM3 also binds other PDI family members. When oxidoreductases ERp46, P5, and PDI were co-expressed with EDEM3, ERp46 was specifically associated with EDEM3, whereas P5 and PDI were not ( Fig. 1B and Fig. S2 ). ERManI (ERM in Fig. 1 ) was included in the experiment because its co-expression with EDEM3 promotes mannose trimming from misfolded glycoproteins (31) .
To examine the effect of ERp46 on the mannose-trimming activity of EDEM3, we transfected HEK293 cells with ATZ, the Z variant of ␣1-antitrypsin, which misfolds and is retained in the ER. ATZ has three N-glycans, and thus, we evaluated their demannosylation by the mobility shift on SDS-PAGE. Consistent with our previous report (16) , mannose trimming from ATZ was strongly promoted by co-transfection of EDEM3 (Fig.  1C, compare lanes 4 -6 with lanes 1-3) . Co-expression of ERp46 with EDEM3 further enhanced mannose processing from ATZ (Fig. 1C, lanes 7-9) . ATZ co-immunoprecipitated with both EDEM3 and ERp46 (Fig. 1C (small arrow) and Fig.  S3 ). Collectively, these data suggest that ERp46 interacts specifically with EDEM3 and promotes the mannose-trimming activity of EDEM3 in vivo.
ERp46 alters the redox state of EDEM3
PDI family proteins, which have multiple thioredoxin-like domains containing CXXC redox-active sequences, promote the formation and exchange of disulfide bonds in nascent polypeptides synthesized in the ER (22-24). Mature EDEM3 contains nine Cys residues ( Fig. S4 ). To examine the redox state of EDEM3, we resolved cell lysates under nonreducing conditions. EDEM3 migrated as two discrete bands (Fig. 2B, lane 2) , and we noticed that the slower migrating band disappeared under reducing conditions. Hence, we assigned the corresponding signal as the oxidized (Ox) and the faster migrating band as the reduced (Red) form, respectively ( Fig. S5 ; see Fig. 3 as discussed below). Interestingly, when EDEM3 was co-expressed with ERp46, the level of reduced EDEM3 decreased, and EDEM3containing complexes appeared (Fig. 2B, lane 3 , open arrowheads), but this effect was not observed when EDEM was coexpressed with PDI or P5. Co-expression of P5 and PDI did not alter the Ox/Red ratio of EDEM3 (Fig. 2B , compare lanes 4 and 5 with lane 2). Furthermore, in cells expressing P5 and PDI, the levels of high-molecular weight EDEM3-containing complexes were elevated, probably due to up-regulation of ER oxidation capacity by overexpression of P5 and PDI ( Fig. 2B, bracket) . However, in contrast to ERp46-transfected cells, no distinct EDEM3-containing complexes were detected.
ERp46 has three thioredoxin-like domains, all of which contain CGHC (Cys-Gly-His-Cys) redox-active sequences. To determine whether the oxidoreductase activity of ERp46 is required to alter the redox state of EDEM3, we co-expressed ERp46 mutants with EDEM3 and analyzed them by Western blotting (Fig. 2, C and D) . The CXXA mutant contains three CGHA motifs in place of the WT CGHC motifs. We assumed that this mutant lacked the isomerase activity (i.e. the ability to exchange disulfides) (32) so that the intermolecular disulfide bond cannot be resolved, thereby trapping the substrates in disulfide-bonded complexes (33) . Remarkably, the ERp46 CXXA mutant trapped all of the EDEM3 protein into highmolecular weight complexes, resulting in the disappearance of EDEM3 monomer (Fig. 2D, lane 4) . On the other hand, the ERp46 AXXA mutant, in which all three redox-active sites were replaced by AGHA, did not affect the redox state of EDEM3, similar to what was observed in cells expressing only EDEM3 ( Fig. 2D , compare lane 5 with lane 2). Collectively, these results
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suggest that ERp46 causes a specific change in the redox state of EDEM3 via its oxidoreductase activity.
Oxidoreductase activity of ERp46 is required for association with EDEM3
To determine whether the oxidoreductase activity of ERp46 is required for its interaction with EDEM3, we co-expressed EDEM3 and WT ERp46 or its redox-active site mutants. WT ERp46 and CXXA mutant co-immunoprecipitated with EDEM3, whereas the ERp46 AXXA mutant did not ( Fig. 2E , lanes [5] [6] [7] [8] . In cells co-expressing the CXXA mutant, all of the EDEM3 formed disulfide-bonded complexes, which were detected by SDS-PAGE under nonreducing conditions (Fig. 2F,  lane 7 , open arrowheads). In WT ERp46-expressing cells, similar disulfide-bonded complexes were detected in addition to the EDEM3 monomer (Fig. 2F, lane 6) , indicating that the interaction of ERp46 with EDEM3 depends on the redox-active sites of ERp46. ERp46 was present in these covalently associated complexes ( Fig. 2G, gray arrows) . These results suggest that ERp46 associates with EDEM3 by forming disulfide bonds through the redox-active sites.
ERp46 covalently associates with the EDEM3 ␣-mannosidase domain
Mammalian EDEM3 has an ␣-mannosidase domain at the N terminus that contains four Cys residues ( Fig. S4 ). A structural model of the EDEM3 ␣-mannosidase domain based on the crystallographic structure of human ERManI suggests that two Cys residues, Cys 83 and Cys 442 , are close to each other (Fig. 3A) . Because recombinant EDEM3 ␣-mannosidase domain purified from bacteria can adopt either the oxidized or reduced conformation, depending on the redox conditions, 3 we predicted that Cys 83 and Cys 442 form a disulfide bond in the ER. As expected, all three EDEM3 mutants in which Ser replaced Cys 83 and/or Cys 442 (C83S, C442S, and C83S/C442S) adopted only the reduced conformation ( Fig. 3 , B and C), even in cells co-expressing ERp46. The high-molecular weight disulfide-bonded complexes of EDEM3 were present only in cells expressing WT EDEM3 ( Fig. 3C, open arrowheads) . The stability of EDEM3 C83S/C442S mutant was similar to that of WT EDEM3 ( Fig. 4A 3 I. Wada and N. Hosokawa, unpublished observations.
Figure 1. ERp46 associates with EDEM3 and promotes mannose-trimming activity in vivo.
A, silver staining of proteins associated with EDEM3. FLAGtagged EDEM3 expressed in HEK293 cells was purified using FLAG-agarose beads, and co-immunoprecipitated proteins were separated by SDS-PAGE. Closed triangle, EDEM3-FLAG; arrow, co-immunoprecipitated ERp46. **, immunoglobulin light chains eluted from the FLAG-agarose beads. B, specific interaction of ERp46 with EDEM3. HEK293 cells were transfected with EDEM3-HA and FLAG-tagged oxidoreductases or ERManI (ERM) and immunoprecipitated using anti-HA antibody. Co-immunoprecipitation of FLAG-tagged proteins was analyzed by Western blotting with anti-FLAG antibody. *, signals nonspecifically detected by anti-HA antibody. C, co-expression of ERp46 promotes mannose-trimming activity of EDEM3 in vivo. HEK293 cells transfected with ATZ were pulse-labeled for 15 min and chased for the indicated periods. Proteins were immunoprecipitated using specific antibodies and separated by SDS-PAGE. Small arrow, ATZ co-immunoprecipitated with EDEM3. *, bands nonspecifically detected by anti-HA antibody.
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(IP: HA) and Fig. S6 ), suggesting that these mutations did not cause gross misfolding.
We next analyzed the association of ERp46 with the Cys mutants in the EDEM3 ␣-mannosidase domain. ERp46 co-immunoprecipitated only with WT EDEM3 (Fig. 3D, lane 5) , indicating that both Cys 83 and Cys 442 are required for the interaction. As in Fig. 3C , the covalent complex was detected only in lysates from WT EDEM3-expressing cells resolved under nonreducing conditions ( Fig. 3 
, E and F, open arrowheads).
These data suggest that ERp46 forms a disulfide bond between Cys 83 and Cys 442 in the ␣-mannosidase domain of EDEM3.
EDEM3 Cys mutants lack mannose-trimming activity and inhibit ERAD of misfolded glycoproteins
To examine the effect of Cys mutation on the mannose-trimming and ERAD-enhancing activities of EDEM3, we transfected HEK293 cells with terminally misfolded glycoprotein NHK, a variant of ␣1-antitrypsin. Mobility shift of NHK on SDS-PAGE revealed that demannosylation activity was strongly promoted by co-expression of WT EDEM3 (Fig. 4A , compare lanes 4 -6 with lanes 1-3) (16). However, co-transfec-tion of the EDEM3 Cys mutants described above did not alter the electrophoretic mobility of NHK as the WT did (Fig. 4A , compare lanes 7-12 with lanes 1-3). Measurements of the rate of disappearance of NHK from cells ( Fig. 4A, quantified in B) revealed that the EDEM3 Cys mutations abolished the ERADpromoting activity of EDEM3. In addition, the D294N mutant of EDEM3, which corresponds to a mutation in proton donor Asp-463 of human ERManI, exhibited no mannose-processing or ERAD-promoting activity (Fig. 4, C and D) . Collectively, these findings show that Cys 83 and Cys 442 in the EDEM3 ␣-mannosidase domain are necessary for the mannose-trimming and subsequent ERAD-promoting activity of EDEM3.
ERp46 triggers the mannose-trimming activity of EDEM3 in vitro
To clarify the molecular mechanism by which ERp46 promotes the mannose-trimming activity of EDEM3, we monitored mannose removal from misfolded glycoprotein TCR␣ in vitro. TCR␣ is a glycoprotein with four N-glycans that is degraded rapidly by ERAD when expressed in cells. FLAGtagged TCR␣ was purified from HEK293 cells using FLAG- Open arrowheads, complexes covalently associated with EDEM3; bracket, high-molecular weight complexes containing EDEM3. *, signals nonspecifically detected by the anti-HA antibody used for blotting. C and D, covalent interaction of EDEM3 with ERp46. EDEM3 co-expressed with ERp46 or ERp46 active-site mutants (CXXA and AXXA) was analyzed by Western blotting under reducing (C) and nonreducing (D) conditions. Open arrowheads, same species as in B. E-G, association of EDEM3 with ERp46 or its active-site mutants. Cells were transfected with EDEM3-HA and WT or redox-active-site mutants of ERp46 and immunoprecipitated with anti-HA antibody. Samples were separated by SDS-PAGE under reducing (E) and nonreducing (F and G) conditions. Open arrowheads, complexes covalently associated with EDEM3; gray arrows and bracket, EDEM3-containing complexes covalently associated with WT or CXXA mutant of ERp46. *, signals nonspecifically detected by anti-HA and anti-FLAG antibodies; **, native Igs used for the precipitation of EDEM3-HA. 
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agarose beads followed by FLAG-peptide elution. To purify recombinant EDEM3 and ERp46, EDEM3-FLAG was expressed in HEK293 cells with or without ERp46-FLAG. After incubating the purified proteins at 37°C, mannose trimming of TCR␣ was monitored by Western blot analysis (Fig. 5A ). When EDEM3 was co-purified with ERp46, mannose trimming from TCR␣ was clearly detected even after 1 h of incubation (Fig. 5A,  lane 2) , whereas in samples containing only EDEM3, demannosylation was only faintly detected even after 24 h (Fig. 5A, lane  13) . The addition of kifunensine, an inhibitor of processing ERp46-mediated regulation of EDEM3 mannosidase activity ␣1,2-mannosidases, completely inhibited the mannose removal from TCR␣ (Fig. 5A, Kifunensine ϩ) . CBB staining of the recombinant proteins revealed that the amounts of EDEM3 and ERp46 purified were ϳ2.5 and ϳ3.5 g, respectively, corresponding to final concentrations of ϳ15 and ϳ20 g/ml, respectively (Fig. 5B) . TCR␣ migrated at the same position after removal of the N-glycans by PNGase F treatment (Fig. 5C, compare lane 2 with lane 4) , indicating that the electrophoretic mobility shift of TCR␣ was the result of N-glycan trimming.
Next, we analyzed the mannose-trimming activity of EDEM3 D294N and C83S/C442S mutants in vitro. This analysis confirmed that the mutants lacked enzyme activity even in the presence of ERp46 (Fig. 5D ). We then tested the requirement for divalent cations and ATP in vitro (Fig. 5E ). Ca 2ϩ was necessary for the mannosidase activity of EDEM3, whereas Mn 2ϩ was not. ATP did not affect the mannose-trimming activity of EDEM3. It should be noted that decrease of TCR␣ signal in Fig.  5E was not reproduced in other experiments, suggesting that the observed loss was caused by a contamination of nonspecific ATP-dependent or regulatable proteases. The amounts of recombinant proteins in all reactions were monitored by CBB staining (Fig. S7 ).
Covalent association of ERp46 with EDEM3 is required for the mannose-trimming activity of EDEM3
We next investigated how redox conditions influence EDEM3 mannosidase activity in vitro. For this purpose, we co-purified EDEM3 and ERp46 and incubated them in three redox buffers containing various concentrations of GSH and GSSG, a physiological condition that mimicked the normal redox environment in the ER ([GSH] 2 /[GSSG] ϭ 1.0), a reducing condition ([GSH] 2 /[GSSG] ϭ 25), and an oxidizing milieu (no GSH or GSSG) (34) . Unexpectedly, mannose trimming proceeded effectively under all redox conditions examined (Fig. 6A ).
Because ERp46 alters the redox state of EDEM3 ( Fig. 2B ), we investigated whether EDEM3 purified without co-expressed ERp46 can process mannose by simply changing the redox environment in vitro. For this purpose, EDEM3-FLAG was purified and incubated in the redox buffers described above. However, mannose trimming proceeded minimally under all three conditions (Fig. 6B ), although the Ox/Red ratio of EDEM3 changed dependent on the redox buffer used (Fig. 6C, Nonreducing) . These results strongly imply that the mannose-trimming activity of EDEM3 requires the oxidoreductase activity of ERp46.
ERp46 is thought to function on nascent polypeptides (22, 35). Hence, we investigated whether ERp46 acts on the mature EDEM3 in vitro, thereby turning on its mannosidase activity of EDEM3. To this end, we co-purified EDEM3 with ERp46 from cell lysates in the presence or absence of the alkylating agent NEM (Fig. 6D) . Unexpectedly, NEM did not affect the demannosylation activity of EDEM3, suggesting that post-translational disulfide bond exchange between ERp46 and EDEM3 and/or within EDEM3 is not required for the mannose-trimming activity of EDEM3.
To analyze the role of redox-active sites of ERp46 on the demannosylation activity of EDEM3 in vitro, we co-purified EDEM3 with WT or mutant ERp46. As expected, ERp46 AXXA mutant did not promote mannose removal from TCR␣ (Fig.  6E) . However, to our surprise, the ERp46 CXXA mutant stimulated the mannose-trimming activity of EDEM3 as effectively as WT ERp46 (Fig. 6E) . The result of CXXA mutant, which formed stable disulfide-bonded complexes with EDEM3, suggested the requirement of covalent interaction of EDEM3 with ERp46 for the expression of enzyme activity. Next, to isolate the EDEM3-ERp46 complex, HA-tagged EDEM3 was co-transfected with WT or the CXXA mutant of ERp46-FLAG, and ERp46-FLAG-associated EDEM3-HA was pulled down with anti-FLAG beads. Mannose was efficiently trimmed from TCR␣ by EDEM3 complexes containing WT ERp46 or the CXXA mutant (Fig. 6F ). The amounts of recombinant proteins in the reactions were confirmed by CBB staining (Fig. S8 ). Taken together, these results strongly suggest that the covalent interaction of ERp46 with EDEM3 triggers mannose trimming of EDEM3.
Discussion
In this study, we showed that ERp46 covalently associates with EDEM3 through its redox-active sites and that this interaction triggers the mannose-trimming activity of EDEM3. Among the PDI family of proteins, relatively little is known about the function of ERp46. Besides its abilities to interact with and reduce peroxiredoxin 4 (36) and to oxidize regulatory disulfides of Ero1␣, resulting in its inactivation (37) , ERp46 can introduce disulfide bonds into newly synthesized proteins at an early stage; these bonds are subsequently edited by PDI (35, 38) . We observed that the intermolecular disulfide bonds between EDEM3 and ERp46 were stable under our experimental conditions and that EDEM3 did not interact with other members of the PDI family ( Figs. 1A and 2B) . Importantly, the mannosetrimming activity of EDEM3 was detected only when the covalent dimer was formed (Fig. 6 ). Analyses of a set of Cys mutants revealed that the disulfide bond was formed between the redoxactive sites of ERp46 and the Cys residues in the EDEM3 ␣-mannosidase domain (Fig. 3) .
To elucidate the mechanism by which EDEM3 processes mannose, we purified recombinant proteins expressed in HEK293 cells and monitored their mannose-trimming activity in vitro. As the substrate, we used TCR␣ purified from HEK293 cells. TCR␣ contains four N-glycans and is rapidly degraded by Figure 5 . ERp46 triggers mannose-trimming activity of EDEM3 in vitro. A, mannose-trimming activity of EDEM3 on TCR␣ in vitro. FLAG-tagged proteins were expressed in HEK293 cells, and recombinant proteins were purified from cell lysates using FLAG-agarose beads. TCR␣ was incubated with EDEM3 or EDEM3 and ERp46 (EDEM3 ϩ, ERp46 ϩ) for the indicated periods and analyzed by Western blotting. Kifunensine (5 g/ml) was added as indicated. *, signal nonspecifically detected by the anti-FLAG antibody used for blotting. B, CBB staining of the recombinant EDEM3 and ERp46 proteins analyzed in A. The top part of the gel used for the Western blotting in A was stained with CBB. C, PNGase F treatment of TCR␣. TCR␣ was incubated in vitro in the presence or absence of EDEM3 and ERp46 for 24 h and then digested with PNGase F. Samples were separated by SDS-PAGE and analyzed by Western blotting using anti-FLAG antibody. D, EDEM3 D294N and C83S/C442S mutants lack mannose-trimming activity in vitro. HEK293 cells were co-transfected with ERp46 and WT or mutant EDEM3. Mannose trimming from TCR␣ was analyzed by Western blotting. E, Ca 2ϩ is required for the EDEM3 mannose-trimming activity in vitro. TCR␣ was incubated with EDEM3 and ERp46 in vitro in the presence or absence of CaCl 2 (5 mM), MnCl 2 (0.1 mM), and ATP (10 mM).
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ERAD when expressed without its other subunits (39) . Mannose trimming from TCR␣ in vitro is readily detected by the mobility shift on 10% SDS-PAGE (Fig. 5A) . Because its N-glycans were removed by the cytosolic PNGase of HEK293 cells during purification in the absence of the alkylating agent NEM (40) (Fig. S9) , TCR␣ was probably purified in a denatured conformation such that the Asn-attachment portion of the core N-glycans was exposed. The shift was not observed when N-glycans were removed by PNGase F (Fig. 5C ). Further, the mobility shift disappeared in the presence of kifunensine, a specific inhibitor of ␣1,2-mannosidase (Fig. 5A ). In addition, loss of enzyme activity upon mutation of the predicted proton donor Asp-294 ( Fig. 5D) , along with the requirement of Ca 2ϩ ion for activity ( Fig. 5E) , indicated that the assay properly reflects the in vivo reaction. Overall, the in vitro demannosylation activity was insensitive to the redox conditions, which are buffered by GSH/ GSSG (Fig. 6, A and B) . Indeed, the disulfide bond exchange reaction in vitro was probably dispensable for trimming ( Fig.  6D) . Instead, the results strongly suggest that EDEM3 must form a mixed disulfide bond with ERp46 (Figs. 6 (E and F) and 7 (2)). We consider two underlying mechanisms for this unique regulation of sugar processing: 1) covalent interaction with ERp46 changes the conformation of the EDEM3 ␣-mannosidase domain, and/or 2) ERp46 is required for recognition of the substrate by EDEM3. In either case, the EDEM3-ERp46 redox cycle is likely to be regulated by another disulfide acceptor protein(s) (Fig. 7, yellow) , which may adjust mannose trimming of cargo by EDEM3.
The observed interaction between EDEM3 and ERp46 appeared to be stable and long-lived unlike the transient interactions of oxidoreductases with nascent proteins. Particularly, dissociation was negligible in ERp46 CXXA mutant. On the other hand, WT ERp46 allowed dissociation to some extent so that about half of EDEM3 existed as monomer in the cells (Fig.  2D ). It should be noted that the intermolecular disulfide bond between EDEM3 and ERp46 (Fig. 7, 2) needs to be resolved in vivo at an appropriate time by the action of another electron donor, such that the cargo proteins can be further processed by other machinery. Thus, the covalent complex could be reduced by another electron donor (Fig. 7, yellow) , resulting in the formation of EDEM3 monomer (1 or 3) and ERp46 (4 or 5), terminating the mannosidase reaction. It is reasonable to assume (same samples as in B, lanes 13-16) . D, alkylation of EDEM3 and ERp46 does not affect the mannose-trimming activity of EDEM3. HEK293 cells co-expressing EDEM3-FLAG and ERp46-FLAG were lysed in a buffer supplemented with (ϩ) or without (Ϫ) the alkylating agent NEM (2 mM). Recombinant proteins were incubated with TCR␣ in vitro for the indicated periods and analyzed by Western blotting. E, covalent interaction with ERp46 is required for the mannose-trimming activity of EDEM3. HEK293 cells were transfected with EDEM3-FLAG and WT or redox-active site mutants of ERp46, and both EDEM3 and ERp46 were purified from lysates using FLAG-agarose beads. GSH/GSSG was not added to the reaction in vitro. Mannose trimming from TCR␣ was analyzed by Western blotting. F, EDEM3-ERp46 complexes enhance mannose trimming from TCR␣ in vitro. WT and CXXA active-site mutant of ERp46 were co-transfected with EDEM3-FLAG or EDEM3-HA, and recombinant proteins were purified using FLAG-agarose beads.
that, under physiological conditions, the mannosidase activity of EDEM3 is strictly regulated by the cellular redox condition and is therefore elicited only when ERp46 renders an electron to the Cys 83 -Cys 442 disulfide of EDEM3. This feature may protect against excessive disposal of glycoprotein cargo.
The mannosidase activity of yeast Htm1p/Mnl1p has been successfully measured in vitro (25) (26) (27) . Htm1p/Mnl1p is purified in a complex with Pdi1p, which is required for mannosetrimming activity. This interaction is reminiscent of that between mammalian EDEM3 and ERp46. Htm1p/Mnl1p and Pdi1p associate in part by forming a disulfide bridge (30) , also similar to the association between EDEM3 and ERp46. In yeast, however, Pdi1p forms a mixed disulfide with Cys in the C-terminal region of Htm1p/Mnl1p, followed by disulfide bond formation in the mannosidase domain, which is reported to be essential for ERAD activity (30) . Although the corresponding Cys residues are mostly conserved (Fig. S4) , our results suggest that ERp46 forms a covalent bridge directly with the Cys residues in the mannosidase domain of EDEM3. Consistent with this, oxidation of the mannosidase domain per se did not induce EDEM3 enzyme activity (Fig. 6, B and C) .
Collectively, our results reveal that proper regulation of EDEM3 mannosidase activity requires association with, and redox activity of, ERp46. Because the enzyme activity of EDEM3 plays an important role in glycoprotein ERAD (6, 16, 21) , we predict that other redox regulators, such as peroxiredoxin 4, Ero1␣, and other oxidoreductases in the ER, might affect glycoprotein quality control through interactions with ERp46 as well as external redox alteration.
Experimental procedures
Cell culture and transfection
HEK293 cells were cultured in DMEM supplemented with 10% fetal bovine serum and antibiotics (penicillin, 100 units/ml; streptomycin, 100 g/ml). Plasmids were purified using the Maxi-prep plasmid purification kit (Qiagen) and transfected into cells using polyethyleneimine (branched; Sigma-Aldrich) or Lipofectamine 2000 (Invitrogen).
Construction of plasmids
EDEM3-FLAG was constructed by PCR-amplifying the coding region of mouse EDEM3 and then subcloning the amplicon into the BamHI-EcoRI site of the pCMV-Tag4A vector (Stratagene). EDEM3 mutants (C83S, C442S, C83S/C442S, and D294N) were constructed by in vitro site-directed mutagenesis using Pfu Turbo DNA polymerase (Agilent Technology). All (7) cannot be transferred owing to the lack of isomerase activity, leading to the depletion of EDEM3 monomer (6 or 8) . ERp46 has three redox-active sites, but only one Cys pair is shown in the cartoon.
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resultant plasmids were confirmed by sequencing. Construction of EDEM3-HA and ␣1-antitrypsin mutant NHK was as described previously (14, 16) . FLAG-tagged oxidoreductase (ERp46, PDI, and P5) and its redox-active site mutants were kindly provided by Dr. K. Araki (National Institute of Advanced Industrial Science and Technology, Tokyo, Japan) (41) . TCR␣-FLAG was a generous gift from Dr. R. Kopito (Stanford University, Stanford, CA) (39) , and the Z variant of ␣1-antitrypsin was provided by Dr. K. Kokame (National Cerebral and Cardiovascular Center, Suita, Japan).
Antibodies
Antibodies were purchased from the following sources: mouse monoclonal anti-HA (HA-7) (Sigma-Aldrich), rabbit polyclonal anti-HA (Recenttec), mouse anti-FLAG (M2) (Sigma-Aldrich), rabbit anti-FLAG (Sigma-Aldrich), rabbit anti-␣1-antitrypsin (DAKO), goat anti-ERp46 (Santa Cruz Biotechnology), rabbit anti-EDEM3 (Sigma-Aldrich), rabbit anticalnexin (Enzo Life Sciences), mouse monoclonal anti-BiP (BD Transduction Laboratories). Horseradish peroxidase (HRP)conjugated secondary antibodies used for Western blotting were anti-rabbit IgG (BTI), anti-mouse IgG (Zymed Laboratories Inc.), and anti-goat IgG (Jackson Immunoresearch).
Silver staining and MS analysis
HEK293 cells were plated on 10-cm dishes and transfected with EDEM3-FLAG. Cells were lysed in a buffer containing 1% Nonidet P-40, 150 mM NaCl, and 50 mM Tris-HCl (pH 7.6), supplemented with protease inhibitors (2 mM N-ethylmaleimide, 0.2 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 1 g/ ml leupeptin, and 1 g/ml pepstatin). After centrifugation at 13,000 ϫ g for 20 min at 4°C, FLAG-agarose was added, and the sample was rotated overnight at 4°C. After the agarose beads were washed twice with a buffer containing 1% Nonidet P-40, 400 mM NaCl, and 50 mM Tris-HCl and once with a buffer used for cell extraction, immunoprecipitated proteins were eluted with FLAG peptide. The eluates were separated by 10% SDS-PAGE, followed by staining with the PlusOne silver staining kit (GE Healthcare). After the gels were washed several times in H 2 O, the bands of interest were cut out. The proteins were digested and recovered using the In-gel tryptic digestion kit (Thermo Fisher Scientific), separated on a Nano-LC-Ultra 2D-plus system equipped with cHiPLC Nanoflex (Eksigent) in trap-and-elute mode, and then analyzed on a TripleTOF5600ϩ system (SCIEX) in information-dependent acquisition method. Proteins were identified using ProteinPilot software version 4.5beta (SCIEX) with the UniProtKB/Swiss-Prot database (Homo sapiens, June 2014) appended with the known contaminant database (SCIEX). Protein identifications were evaluated based on Unused ProtScores and the number of identified peptides with confidence Ն95%, as determined by the ProteinPilot software.
Western blotting and immunoprecipitation followed by Western blotting
Western blotting was performed as described previously (42) . To separate proteins under nonreducing conditions, cell lysates were prepared in Laemmli buffer without the addition of the reducing reagent DTT. To block disulfide bond exchange during cell lysis, cells were incubated in PBS containing 10 mM iodoacetamide for 5 min before cell lysis. Western blotting signals were detected using Pierce Western blotting substrate (Thermo Scientific) and visualized on a LAS-4000 digital imaging system (GE Healthcare). Signal intensity was quantified using the ImageQuant software (GE Healthcare). For immunoprecipitation followed by Western blotting, cell lysates were mixed with specific antibodies and incubated at 4°C for several hours to overnight. After the addition of Protein A-or Protein G-Sepharose, cell lysates were rotated at 4°C for several additional hours, for a total incubation period of 12-15 h. After the Sepharose beads were washed as described for FLAG-agarose, the immunoprecipitates were eluted with Laemmli buffer. The eluates were separated by SDS-PAGE and blotted onto a polyvinylidine difluoride membrane (Millipore). For signal detection by Western blotting, Clean-Blot TM IP detection reagent (HRP) was used as the secondary antibody (Thermo Fisher Scientific).
Metabolic labeling and immunoprecipitation
Metabolic labeling pulse-chase experiments were performed as described previously (42) . Immunoprecipitation was performed as described above. Gels were dried and exposed to imaging plates (Fuji Film/GE Healthcare), and signals were visualized on a Typhoon PhosphorImager (GE Healthcare). Incorporation of radioactive materials was quantified using ImageQuant software (GE Healthcare).
Expression and purification of recombinant proteins from HEK293 cells
HEK293 cells plated on 10-cm dishes were transfected with FLAG-tagged plasmids using polyethyleneimine. Transfection medium was removed after 6 h, and cells were incubated for an additional 24 -28 h in fresh growth medium. Cells were lysed in buffer containing 1% Nonidet P-40, 150 mM NaCl, and 20 mM MES (pH 7.0) (43), supplemented with protease inhibitors as described above. For preparation of EDEM3 in the presence or absence of co-transfected ERp46, NEM was excluded unless otherwise specified. Cell extracts were centrifuged at 13,000 ϫ g for 20 min at 4°C, FLAG-agarose (Sigma-Aldrich) was added, and the sample was rotated for 12 h at 4°C. After the beads were washed twice with MES buffer containing 400 mM NaCl and twice again with the same buffer used for cell extraction, FLAGtagged proteins were eluted with FLAG peptide.
In vitro mannose-trimming assay
Recombinant proteins prepared as described above were mixed and supplemented with GSH/GSSG to a final concentration of 0.5 mM/0.25 mM, along with 5 mM CaCl 2 unless stated otherwise. Aliquots ( 1 ⁄ 10 volume) were collected after rotation at 37°C for the indicated times and separated by 10% SDS-PAGE. Gels were cut below the 50 kDa marker, and the lower part was blotted onto a polyvinylidine difluoride membrane, followed by detection of TCR␣-FLAG using rabbit anti-FLAG antibody and Clean-Blot TM IP detection reagent (HRP). The other part of the gel was stained with CBB to estimate the amount of recombinant EDEM3 and ERp46 in the reaction.
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